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Abstract

We propose to measure coherent Deeply Virtual Compton Scattering (DVCS)
on a liquid deuterium target using CLAS detector with polarized 6 GeV
incident electron beam. In addition to the standard CLAS configuration the
experiment requires the inner calorimeter and the solenoidal target magnet.

Our beam time request is 30 days at luminosity of 1.5 x 10%* /em?/s.

The experiment will measure the beam-spin asymmetry on unpolarized
deuterons (Ary). This asymmetry is dominated by the interference between
the Bethe-Heitler and DVCS amplitudes.

For the spin-1 target there are nine GPDs of which three contribute to the
proposed beam-spin asymmetry measurement. At four-momentum transfer
between initial and final state deuteron —t > 0.2 GeV? the GPD H; (related
to the quadrupole form-factor) dominates the model estimates of the coherent
ALU.

The experiment will have a coverage of 0.1 < zp; < 0.3 and 0.15 < —t <
1 GeV? for Q? > 1 GeVZ.
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1 Preface

We propose to perform a measurement of Deeply Virtual Compton Scattering
(DVCS) on the deuteron with CLAS at 6 GeV. This measurement will be
a first step to extend DVCS on a nucleon, to the nuclei with different spin
and atomic number, to address some of the most fundamental questions in
hadronic and nuclear physics, including

e Partonic structure of spin-1

5> spin-1 and spin-0 targets

— modifications of unpolarized and polarized Generalized Parton
Distributions H, H depending on the spin of the target using co-
herent DVCS on nuclei when the nucleus remains intact

— distributions of quarks and gluons in nuclei and off-forward EMC
effect

e the behavior of nuclei

— structure and dynamics of the deuteron
— nucleon-nucleon short range correlations

— nucleon distortion in the nuclear medium

The present proposal to PAC29 focuses on the case of coherent DVCS on
the deuteron.

2 Introduction

Electroproduction of real photons at high momentum transfer, called Deeply
Virtual Compton Scattering (DVCS) [MUEL94], is one of the cleanest ways
to access non-forward matrix elements of any hadron and nuclei parame-
terized via Generalized Parton Distributions (GPDs). Handbag diagram
for DVCS is shown in Fig. 1. The recent progress in this direction is due
to theoretical developments [JI197, RADY96] of GPD formalism and emer-
gence of experimental data from a new generation of facilities at DESY and
JLab exploiting polarization and/or the charge of incoming lepton beams
[HERMO1, STEPO1] to get access to the DVCS process at the amplitude

level. The measurement of DVCS at cross section level was performed by
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H1 [H105] and ZEUS [ZEUS03] collaborations at very high energies and (2,
accessible at the HERA e-p collider at DESY.

H (x.&1),i=1,5
p Ri(x.E.b), i=1,4 p+A

Figure 1: “Handbag” diagram for DVCS. In the ed — edy reaction, the
DVCS amplitude interferes with the Bethe-Heitler amplitude.

The GPDs shed light on new aspects of the hadrons” internal structure
that have not been addressed in the inclusive and semi-inclusive lepton scat-
tering measurements that allowed unraveling forward polarized and unpolar-
ized structure functions. First of all, processes such as DVCS and exclusive
meson production extend known structure functions that vanish in the for-
ward limit when four-momentum transfer between initial and final target
hadron vanishes. It is shown that depending on the spin of the target one
can get a variety of additional structure functions [CANOO04]. Theoretically
it is proven that the measurement of all these functions will allow even-
tually to map out the partonic density of nucleons and nuclei and get a
three-dimensional picture of these objects. This means that we are facing
a dramatic improvement in our understanding of the internal structure of
almost all visible matter. It is even possible to make holographic images of
hadrons and nuclei at the femtophotographic level.

As a by-product we will also measure incoherent DVCS on the deuteron.
In incoherent scattering, the DVCS amplitude is dominated by the proton
and neutron GPDs. In addition, the largest contribution to the proton comes
from H and the largest contribution to the neutron comes from E. It is worth



mentioning that the first moment (with respect to x) of H + E is equal to
the total contribution (spin plus orbital angular momentum) of quarks to the
nucleon spin, via a Ji sum rule [JI97].

Until now our knowledge about the density distribution of nuclear matter
is based essentially on Hofstadter’s famous measurements of charge form
factors through elastic scattering of electrons on nuclei [HOFS57].

We can now image the quark density in impact parameter space (or a
related Wigner function) as a function of the light-cone momentum fraction
of the quark|[ BURKO02, JI104].

On a partonic level, we lack understanding of the modification of quark
and gluon distributions in nuclei. The famous nuclear EMC effect remains
still to be fully understood. More complex studies of GPDs in nuclei both
via coherent and incoherent DVCS are ways to study this effect in a multi-
dimensional space and measure a quark level effect in the nuclear media.

3 Nuclear Targets

3.1 Coherent DVCS on a Deuteron Target

The deuteron, being the lowest multinucleon system, is a very special nucleus.
It plays a crucial role in a chain of nucleosynthesis and formation of almost
all visible matter, and its primordial astrophysical abundance is one of the
most sensitive tools constraining the baryon to photon ratio in the universe.

In a last few decades the deuteron has received enormous attention both
from theory and experiment as well. However, many questions related to
the binding energy, Fermi motion, shadowing, meson exchange currents and
partonic structure remain partially or completely open.

Deep-inelastic scattering processes in the deuteron have been used mainly
as the source of information on unpolarized and polarized distributions of a
neutron in a forward limit. With the advent of DVCS it became possible
to study GPDs of a deuteron as a whole leaving it intact in a final state.
Due to the fact that it is a spin-1 object there are entirely new functions
appearing which could give us a deeper understanding of this nucleus in
terms of its fundamental degrees of freedom. The 9 GPDs for a spin-1 object
have been given in [BERGO1] and their properties have been discussed in
detail in [KIRCO3].



3.1.1 Formalism

Let us now consider the spin-1 target in more detail. The hadronic current

J, = —¢-aP,Gi+ (& Pey, +e- PG;M)GQ — €5 - Pey - P;;}z Gs (1)

is given by three electromagnetic form factors G;(A?) with i = 1,2,3,
where ¢, (€2,) denote the three polarization vectors for the initial (final)
hadron.

The DVCS hadronic tensor is given by the time-ordered product of the
electromagnetic current j,7,, which is sandwiched between hadronic states

with different momenta. In LO of perturbation theory and at twist-two
accuracy it reads [BELI01]

) i LT —x
(6 A% Q) = L e pimi IR 2
q- Vi . Ay
= _PMUgUTPTUP—'q - pualéaﬂ'qppﬂfp—‘pq )
where the projection operator P,, = ¢,, — % ensures gauge invariance.

For convenience we introduced the scaling variable £ ~ zf‘;A. At twist-two
level the amplitudes Vi and A; can be decomposed in a complete basis of
nine Compton Form Factors (CFFs). Adopting the notation of [BERGO1],

they read in the vector case

V., = —6-aPHi+ (6 Peyy+ e - PG;M)HQ — € - Pey - P;;}z Ha + (3)
(6 Pery = Pes, My + (W R UAAELE) et Pﬂ) H
and in the axial-vector case
A, = ieuegqpﬁl — YuaPa & PA;;.GMAPESQ : P7:[2 — (4)

. « . . « .
LEUAPe €o P — ZGMAPE§61 : P,}_N[ . L€UAPe €2t (4 + ZEMAPE§61 : q,;:[
M? ’ q-P b

where é—power suppressed effects have been neglected. The remaining
logarithmical Q-dependence is governed by pertubation theory.



The CFFs in the above equations are given by a convolution of pertur-
batively calculable coefficient functions C'#) and twist-two GPDs via

M) = X [ e COCR e for k= {1 5H0)
ﬁk(fvt) = _Z: /—11 dxCZ'(+)(§7l’)ﬁi(l’,n,t)mz_g, fOTk:{l,,4}(6)

For each quark species 7 we have nine GPDs. The two sets {H},..., H:}
and {H!, ..., Hi} are defined by off-forward matrix elements of vector and
axial-vector light-cone operators.

Sum rules relate these GPDs to the usual deuteron form factors:

/_11 deHi(z,6,t) = Gi(?) (i=1,2,3),

/_tdaj]:]i(:l?,f,t) = Gi(D) (=12 .
or lead to a mull average:

/_lld:z;H4(x,§,t) = /_11 deHs(x,6,1) = 0,

/_11 deHs(z,&,1) = /_11 de (2, 6,1) = 0. )

The form factors (G, Gy, G3) used above are related with the usual charge
monopole, G¢, magnetic dipole, Gy and charge quadrupole, Gg in the fol-
lowing way:

Gi(t) = Gol(l) -
(1+n)Gs(t) = Gu

[OVR N W)

nGo(t)
(?) (9)
2
(1) = Go(t)+ (1+50) Galt)
with n = —t/(4M7). The normalizations of these form factors read:
Go(0) = 1, Gu(0) = pa = 1.714, Go(0) = Qu=25.83  (10)

Note the large size of the quadrupole form factor.
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In the forward limit, the functions I, [; and Hs represent unpolarized,
polarized and tensor structure functions Fi, ¢; and by respectively. The
following relations link GPDs and parton densities in the deuteron,

q'(x) + g ' (x) + ¢°(2)

FlﬁHl(l',0,0) =

3 2
by ~ H5($,0,0) _ qo(x) . (]1(1;) ‘|‘2q—1(:1:) :
g~ Hi(2,0,0) = ¢i(z)—g'(2) (11)

for x > 0. The superscripts are the target spin projection, and the sub-
scripts are the quark spin projections. The corresponding relations for « < 0
involve the antiquark distributions at —z, with an overall minus sign in the
expressions for H; and Hs.

The functions {H,, Hs, H;} and {[:[2, Hs, [:]4} are inaccessible in a

forward limit, but do not vanish by themselves and provide new information.

3.1.2 Beam Spin Asymmetry

The beam spin asymmetry Ay is defined as

do 1 (¢) —do | (9)
do 1 (¢) +do | (¢)

The arrows refer to the longitudinal spin projections of the incoming elec-
trons. This asymmetry is dominated by the DVCS-BH interference divided
by the Bethe-Heitler cross section. For a spin-1 object, such as the deuteron,
we can access the linear combination of Hy, Hs and Hs directly through the
measurement of the beam-spin asymmetry Az in the reaction (£(k)A(Py) —

1% (k1) A(Py)v(q2). As shown in [KIRCO03],

ALU

(12)

(¢) o SpE—— X (13)
%mQGlHl ‘|‘ (Gl — 27’G3)(H1 — 27’7‘[3) —|— %TG3H5

ZG% —|— (Gl - 27’G3)2

where Q% = —¢i, s = k — K, 7 = A*/(4A*ME), y = v/E. is a fraction of
beam energy E, carried by a virtual photon, and G;(A?) are the form factors

sin(@)
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with ¢ = 1,2,3 (Eq. 9). The form factors G;(A?) can be parametrized from
elastic electron deuteron scattering [GARCO01, GILMO1].

The measurement of ‘H with data from DVCS on the proton and incoher-
ent production on the deuteron will define ‘H; in good approximation. Hs is
constrained by the measurement of ¢ of the deuteron [RIEDO5].

In section 5 we show that our measurement of Ay will have strong sen-
sitivity to Hs. This provides access to the partonic structure related to the
charge quadrupole form factor in an unsuppressed way as can be seen from

Eq. 9.

DVCS on the deuteron gives for the first time access to
the partonic structure of the deuteron as a whole.

3.2 DVCS on Nuclei

For the sake of completeness and in order to outline recent developments in
this field we give a brief overview of DVCS not only on a deuteron, but on
a nuclei in general. We would like to make it clear that not only coherent
DVCS, but also incoherent DVCS has been in the focus of recent theoretical
papers as a valuable source of a new information about modifications of the
nucleon’s partonic structure in a nuclear medium and related problems.

In [POLY03] it was argued that by studying nuclear DVCS one can get
access to GPDs that carry information about spatial distribution of forces
experienced by quarks and gluons inside hadrons. Hard exclusive electropro-
duction of photons opens a possibility for direct “measurements” of strong
forces in different parts of nucleons and nuclei. DVCS measurements give
us a tool for systematic studies of properties of quark-gluon matter inside
hadrons such as distributions of energy, angular momentum, pressure, shear
forces etc..

In [STRIO3] ratios of single-spin asymmetries and lepton charge asymme-
tries measured in nuclei to the same asymmetries measured on the nucleon
have been discussed. It was shown that while for coherent scattering this
ratio remains roughly proportional to % ~ 2 the same ratio for incoherent
scattering tends to decrease versus four-momentum transfer between initial
virtual photon and produced real photon. These studies have been later ex-
tended to the case of a future eA collider and shown to be a powerful tool to

unravel quark-gluon structure of the nuclei [STRI04].
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The relevance of measuring GPDs of nuclei is stressed and microscopic
calculation of unpolarized quark distribution of *He nucleus is performed
in [SCOP04]. He finds that in impulse approximation Fermi motion and
binding effects evaluated by modern potentials are larger in the forward case
and very sensitive to the details of the nuclear structure at short distances.
And then clear predictions for the off-forward EMC effect were made.

More recently a series of papers (see [LIUT05] and references therein)
discussed nuclear DVCS. Within a microscopic calculation the contributions
of both, coherent and incoherent deeply virtual Compton scattering from a
spin-0 nucleus have been estimated. Although the discussion is valid for any
nucleus, more detailed studies have been performed for a *He target. It has
been shown that the wz-distribution of the ratio of functions H(x,t) is more
sensitive to the off-shell effects in nuclei than in the forward limit.

This proposal covers only the deuteron case. We consider it a first step
towards DVCS on nuclei at JLab at 6 and 12 GeV, and in a future electron-
ion collider.
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4 Existing Experimental Data for DVCS on
Nuclei

4.1 HERMES experiment

So far the only existing experimental data for DVCS on nuclei have been
presented by the HERMES Collaboration. The HERA 27.6 GeV polarized
positron and electron beam was scattered off polarized and unpolarized deu-
terium and spin-0 neon gas targets [AMARO00, ELLI0O3, KRAU05]. The re-
sults of an inclusive measurement for the beam spin asymmetry Arpy on
deuteron and neon targets are shown in Fig. 2. A fit to the function P +
Py sin ¢+ P3sin 2¢ for the data on the deuteron target results in a beam spin
asymmetry P, = —0.15+0.03(stat) £ 0.03(sys). However from Monte Carlo
studies it was concluded that integrated over ¢, the contribution of coherent
scattering is negligible and even at very low —¢ < 0.1GeV? contribution of
coherent and incoherent scatterings are comparable [KRAU05]. On the other
hand, the contribution of coherent scattering at —¢ < 0.1Ge¢V? on neon is
dominant [HAANO5]. Currently the HERMES experiment has installed a
recoil detector [IKRAUO05] with a good capability to detect the recoil proton
and deuteron and will start data taking in 2006.

Besides the HERMES experiment only the JLab Hall-A collaboration
has performed measurement of DVCS on the deuteron target, however the
main goal of this experiment was the extraction of the neutron GPDs and it
was not designed for and did not have a capability to detect recoil deuteron.

12
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Figure 2: Beam spin asymmetry Apy for efd — e*yX with unpolarized
deuteron (a) and e*Ne — ey X (b) from HERMES, inclusive measurement
[ELLIO3, KRAUO05).
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4.2 CLAS E6 analysis

A fraction of the CLAS E6 data was taken at an electron beam energy
E. = 5.75 GeV with a deuterium target. An analysis of these E6 data
with the goal of identifying and analyzing coherent deuteron electroproduc-
tion is in progress. The preliminary results for the beam spin asymmetry Ay
measurement are encouraging. They show experimental evidence of coherent

DVCS on the deuteron.
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Figure 3: Missing mass m% of e d — e d X in GeV? for the ¢ bin averaged
around 40° along with a skewed-gaussian + polynomial fit.

For the analysis events with only an electron and a deuteron in the fi-
nal state were selected. Various cuts on the reconstructed track parameters
and particle identification ensure a good signal to background ratio for the
selected sample. The expected missing photon is identified by the missing
mass method. Fig. 3 shows a peak centered around 0 for the missing mass.
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Data are then separated into ¢ bins. The numerator of the asymmetry,
containing the cross-section difference, is computed directly by subtracting
contributions from both helicities in the missing-mass spectra around the
mass equal 0 area. This allows for an automatic background subtraction
since the cross-section difference showed no signal outside of this peak.

Finally, the denominator of the asymmetry is computed for each ¢ bin by
performing a fit of a skewed gaussian plus polynomial to the missing mass
spectra and deducing the total number of events around the missing mass
equal 0 peak. The fitted function is illustrated in Fig. 3 for one ¢ bin averaged
around 40°.

The calculated beam spin asymmetry Ay for every bin in ¢ is presented
in Fig. 4. The beam spin asymmetry corresponds to the average kinematic
point
<x4>=0.1<Q?>=1.7GeV? < —t >=0.3 GeV~.

The analysis is in an early stage. Two corrections have to be applied
later. First, the beam polarization was not well measured during E6, since
the experiment E6 initially did not require it. The average polarization
is estimated to be around 60% and requires further analysis. Second, the
current lack of 7% subtraction needs to be addressed, too.

Nevertheless, it is rather clear that a large asymmetry exists in the co-
herent deuteron DVCS channel and that a dedicated experiment is feasible
and needed for further investigation.

15
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Figure 4: Uncorrected beam spin asymmetry Ary as a function of ¢ for
<y >=01, < Q?>=1.7GeV?, < —t >= 0.3 GeV% The curve is a fit of
the data with the function asin ¢ + (3 sin 2¢.
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5 Theoretical Calculations and Projected Physics
Results

Theoretical models [KIRC03] were used to predict the beam spin asymmetry
Arp. The kinematical parameters have been adjusted for CLAS. The results
shown in Fig. 5 were calcuated for fixed JLab beam energy F. = 6 GeV,
and, in average, rp = 0.2, Q% = 1.5 GeV?, and A? = —0.25 GeV?, with
rp = m ~ Ax4. The plots show the beam spin asymmetry Apy(¢)
(a), the sin ¢ moment of Ay as a function of g (b), —A? (c), and Q* (d)
[without evolution] for the scattering of an electron on a deuteron target
at F. = 6 GeV. The kinematical variables are zp = 0.2 (£0.02), Q* =
1.5 (£0.3) GeV?, and A? = —0.25 (£0.05) GeV?, as appropriate in each sub
plot.
The four models are [MUELO5]:

o A (dash-dotted): includes only Hj;

e B (dashed): Model A, but with smaller sea-quark contribution;
e B’ (dotted): Model B, plus Hs

o B (solid): Model B, plus Hs;

The plots also show projected experimental error bars for 30 x 24 = 720
hours of beam time, for a beam polarization P. = 0.8. The bin sizes are
AQ?* = 0.1 GeV?, Azg; = 0.04, and At = A[A?] = 0.1 GeV? In the actual
experimental analysis, if the bin sizes are increased, the statistics per bin
will improve. The plots in Fig. 5 are three 1-dimensional samples of the 3-D
space (A% xp;, Q*). The data will fill the full 3-D space within the limits in
Fig. 5 with bins of comparable statistical precision.

As one can see in Fig. 5 there is a strong contribution to Ary coming
from Hs (cyan dotted curve of model B’). This reflects the large quadrupole
form factor of the deuteron (see Eq. 10). Even though we cannot separate
‘H, and Hs in this experiment, our results will place stringent constraints on
GPD models.

The error bars shown in Fig. 5 are based on the calculated numbers in
Tab. 1. The table lists the projected beam spin asymmetry uncertainty
AApy for all presented kinematic bins. The bin size in Q2 is +0.3 GeV?

17



(£0.3 GeV? for panel d), in —¢ it is 20.05 GeV?* and in zp it is £0.02. The
table also lists the corresponding cross section o integrated over each bin,
the CLAS acceptance (section 7) and the expected total yield in number of
events. Fig. 5 (d) shows a week ()? dependance of the beam spin asymmetry.
By integrating over (? we can reduce the errors for the xp and ¢ dependent
measurement points of Ary shown in Fig. 5 (b) and (c¢).

Q? GeV?, —t GeV?, xp o[pb] | acc. | yield | AALy
1.3 0.25 0.20 | 0.064 | 0.15 376 | 0.091
1.5 0.25 0.20 || 0.077 | 0.24 726 | 0.066
1.5 0.25 0.20 (| 0.26 | 0.098 | 995 | 0.056
1.5 0.35 0.20 || 0.14 | 0.036 | 197 | 0.13
1.5 0.45 0.20 || 0.09 | 0.015 53 1 0.24
1.5 0.25 0.25 (| 0.08 | 0.33 | 1030 | 0.055
1.5 0.25 0.30 | 0.04 | 0.14 213 | 0.12
1.5 0.25 0.35 | 0.025 | 0.024 23 1 0.37

Table 1: Projected beam spin asymmetry uncertainty AAjy; for all points
shown in Fig. 5 as a function of Q%, —¢ and g, with corresponding integrated
cross section o, CLAS acceptance and expected total yield in number of
events for 720 hours with a £ = 1.5 x 10%* [2=]. The bin size in Q? is
(£0.1) GeV* in Fig. 5 (d) and (£0.3) Fig. 5 (b) and (c), —t (40.05) GeV?,
and xp (£0.02). The bold numbers for Q?, —t and xg show the varied
parameters in Fig. 5 (d), (¢) and (b) respectively.

The model estimation of the beam spin asymmetry in coherent DVCS on
a deuteron target was also given in [CANOO04]. The s; and sy coefficients of
the Fourier decomposition of Aryy = ag + s1 sing + s3 sin2¢ as a function of
-t and fixed values of 24 = 0.2, Q? = 2 GeV? and K. = 6 GeV are presented
in Fig. 6. As one can see there is a very sizable sing moment at covered range
of -t and non negligible sin2¢p moment of Ary. The beam spin asymmetry
vanishes, with the square root v/t — {, for t = t,,5,.

18
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Figure 5: The beam spin asymmetry Apu(¢) (a), the sin moment Apy
as function of zg (b), —A? (c), and Q* (d) [without evolution] for the
scattering of an electron on a deuteron target at I, = 6 GeV. The average
kinematical variables are 3 = 0.2, Q% = 1.5 GeV?, and A? = —0.25 GeV?
in panel (a). On panel (b), (¢) and (d) two parameters are integrated over
the range mentioned in the text and the third one varies. The models A

N

(dash-dotted), B (dashed), B (solid), and B’ (dotted) are specified in the
text of section 5. Error bars shown are based on 720 hours of beam time.
For details see section 7.
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Figure 6: Coefficients of Fourier decomposition of the beam spin asymmetry:
Ary = ag + 51 sing + s, sin2¢ as a function of -t at x4 = 0.2, Q? = 2 GeV?
and E. = 6 GeV [CANOO04].

20



6 Experimental DVCS Setup in Hall B

6.1 The DVCS CLAS configuration

We propose to use the same CLAS configuration as the approved PAC20
experiment E-01-113 (E1-DVCS), except for the production target. This
configuration includes all standard CLAS detectors plus the inner calorime-
ter (IC), and also a solenoidal magnet for Mgller electron background sup-
pression. Instead of a liquid hydrogen target we propose to use a liquid
deuterium target. The target length is 2.5 ecm. All other components will
remain unchanged.

6.1.1 Detectors

For this experiment we will have to utilize all available CLAS detectors,
except for the tagging system, which is only used in photoproduction experi-
ments. All detectors are standard CLAS components by now, except for the
new [C. The experimental data can be grouped into coherent production and
incoherent production. The detectors needed to identify both final states are
very similar.

For the final state of the reaction ed — edy we have to detect

e the scattered electron (e) with threshold gas Cerenkov detectors (CO),
drift chambers (DC) and forward electromagnetic calorimeters (EC)

e the recoil deuteron (d) with DC and time-of-flight scintillators (SC)

e the real photon () with IC or EC

Fig. 7 (a) shows the particle identification with CLAS based on the mea-
sured 3 (time-of-flight) versus the measured momentum for 7%, proton and
deuteron. The dashed line in Fig. 7 (b) indicates the minimum kinetic en-
ergy needed for deuteron detection with CLAS. In addition to time-of-flight
for particle identification we can also utilize the measured energy loss of
particles in the SC versus the measured momentum in the DC [CLAS02].
For incoherent production we have to detect the recoil proton instead of a
deuteron.
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Figure 7: Time-of-flight based particle identification with CLAS (left) and
minimum kinetic energy required for deuteron detection with CLAS indicated

by a dashed line (right).

6.1.2 Mgller electron shielding

This experiment, like all electroproduction experiments, has to address the
background from Mgller scattering. The cross section of this background is
several orders of magnitude higher than the DVCS cross section. Background
reduction will be done with the equipment chosen for the final design of
experiment E1-DVCS. In particular the optimized lead shielding pipe and
solenoidal magnetic field instead of the usual mini-torus shielding will be
used against Mgller electrons.

To achieve a central solenoid field of 4-5 T we use the CLAS supercon-
ducting solenoidal magnet. With this magnetic field Mgller electrons are
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Figure 8: Simulated Mgller electron distribution with solenoidal magnet in-
stalled, showing the target area and the IC along the beam line.

confined in a cone with a lab opening angle of about 2.5° at 1 m distance
to the production target. The simulated Mgller electron distribution with
solenoidal magnet installed is shown in Fig. 8. The distribution illustrates
the confinement of most Mgller electrons along the beamline. The simulation
gives us the number for the maximum luminosity £ = 1.5 x 10%* [1—]. The
same procedure has been used for prior experiments, including E1-DVCS.

6.1.3 Target

A liquid deuterium production target has been used before for other approved
CLAS experiments, for example G2 and E1E. The target for this experiment
will be located 12 cm downstream relative to the center of the solenoidal mag-
net, 58 cm upstream relative to the CLAS center. The solenoidal magnet will
be at the same location as for E1-DVCS (z=-70cm). This configuration gives
the best compromise between Mgller suppression and deuteron acceptance.
The accepted maximum angle ©,,; for the deuteron is about 70°.
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6.1.4 Inner calorimeter

One of the latest additions to the CLAS experiment is the inner calorimeter
(IC) shown in Fig. 9. The IC is a lead tungstate PbWO, crystal array
designed for the detection of high-energy photons. The angular range for
photon detection is 4 to 16° in the lab system.

PhiMD,
crystals

Figure 9: A view of the Inner Calorimeter (1C).

424 tapered crystals are arranged in a grid. Each crystal’s cross section
is 13.3 mm by 13.3 mm in the front and 16 mm by 16 mm in the rear. The
length of each crystal is 160 mm, 18 times the radiation length Ly=8.9 mm.

The Moliere radius is 22 mm. The lateral size of the crystals allows good
position resolution due to the lateral spread of the shower across adjacent
crystals.

The minimum energy for photons of interest is 1 GeV. Electromagnetic
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showers from photons with an energy of 1 GeV or higher are typically confined
within a group of about 3 x 3 crystals. The energy and position resolution,

inferred both from simulation [GIRO05] and from data [NIYAO05], are

ﬂ B 0.034 n 0.038 £ 0.022

E ENGeV — EjiGevy
0.18

cxr = —cm+0.01lem.

VE/1GeV

The distance from the production target to the inner calorimeter (IC) is
60 cm. The IC is located in front of the lead shielding pipe. At this distance
the expected lab angle resolution is approximately 5 mr at 1 GeV.

6.1.5 CLAS modifications

Fig. 10 shows the standard modifications of CLAS for DVCS runs. All parts
are located inside the space covered by the drift chamber (DC) region 1. The
inner calorimater (IC) can be seen downstream of the target and the solenoid
magnet. Along the beam line follows the lead shielding pipe.

No other modifications of the CLAS apparatus are needed for the pro-
posed experiment. No R&D work is required. The proposal fully benefits
from recent developments for E1-DVCS.

The experiment can be ready in two weeks, including the installation and
commissioning, if installation is needed and a few hours otherwise.

6.2 Trigger, data aquisition, online monitoring

We will use the CLAS electroproduction trigger, the CLAS data aquisition
and the CLAS online monitoring. All three components are standard CLAS
configurations. The CLAS level 1 trigger selects events with scattered elec-
trons. We utilize the EC for this purpose and record in addition data from
the CC for offline analysis. The level 2 trigger selects events with an addi-
tional charged particle. Both trigger levels will be utilized. No changes to the
trigger hardware, data aquisition system or online monitoring are required.

The inner calorimeter (IC) will not be part of the trigger for production
runs. The CLAS data aquisition system can handle the rate at acceptable
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Figure 10: A cross section of CLAS. showing the main torus, the drift cham-
ber region 1, the inner calorimeter, solenoid magnet and the lead shielding

pipe.

dead time (better than 80%). The open trigger allows us to utilize production
data for calibration purposes and to perform cross-checks with data from
other well known reactions.

In addition, we will use the inner calorimeter (IC) alone in the trigger for
IC calibration runs. This configuration has been used before in E1-DVCS
and allows us to take sufficient IC calibration data within a time period of
only 2 hours.
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6.3 Calibration

The calibration of the detectors will be done with calibration data taken
during the proposed experiment and using production data as well. The
CLAS calibration software exists for all detectors. Therefore the calibration
will begin immediately while data are being taken. This ensures data quality.

Electrons from any reaction with charged particles in the final state, to
fulfill the trigger condition, can by used to calibrate the CC.

The DC calibration can be performed with protons from incoherent pro-
duction.

(e,e’p) +2yiniIC

180

M =-0.0707 M =0.0122 M =0.2843

160
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c=0.1690 6=0.3732 o =1.4497
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1 05 0 05 1 4 2 0 2 4 4 2 0 2 4
0 0 0 0 0 _ 0
ECLAS - EIC [GEV] 9CLAS_GIC q)CLAS ¢IC

Figure 11: Energy and angular resolution of the Inner Calorimeter (1C),
folded with CLAS missing mass and angular resolution.

The calorimeters EC, IC and LAC can be calibrated with the photons

from decay of m%’s produced in the reaction ed — er® X . The energy reso-
lution of the Inner Calorimeter (IC) is shown in Fig. 11.
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6.4 IC monitoring

The light output of lead-tungstate crystals is sensitive to the ambient tem-
perature. A laser driven fiber optics calibration system will be used to inject
a controlled amount of light into the crystals via quartz fibers. The response
will be recorded and used to determine the gain. This allows us to monitor
the stability of crystal responses. Furthermore, single-7® production data
can be used to monitor the responses over time as well.

6.5 Event identification, reconstruction

We propose an exclusive measurement of the DVCS/BH processes. All par-
ticles in the final state will be detected, identified and their 4-momentum
measured.

The momentum measurement for deuterons and protons with the main
torus and drift chambers (DC) is identical and common procedure at CLAS.
Particle identification and separation of protons and deuterons will be done
with the CLAS time-of-flight scintillators (SC).

Negative charged pions and kaons will be rejected as deuteron candidates
on the basis of their charge, which is obtained from their curvature in the
drift chambers.

Positive charged pions and kaons will be separated from protons and
deuterons with the time-of-flight method (SC). We may want to utilize the
energy loss measurement in the scintillators (SC) as an additional criterion
for the particle idenfication, but it is not a requirement for this experiment.

Electrons will be separated from heavier negatively charged particles, in
particular pions and muons, using threshold gas Cerenkov detectors (CC)
within the acceptance of the CC and the electromagnetic calorimeters (EC).
In addition we utilize the large acceptance of the EC alone for electrons
outside the smaller acceptance of the CC and distinguish between electrons
and pions by utilizing the different energy deposit in the EC from these two
particles. The momentum of the electron is reconstructed with standard
CLAS software from the drift chamber data.

Neutrons will be separated from photons by a cut on the time-of-flight. In
addition the expected 3-momentum of the neutron in the reaction ed — epn~y
can be used to locate neutrons.

The expected background from two-gamma events, in particular from m°
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Figure 12: Mass resolution of 7% in IC, EC and IC+EC.

at CLAS on the proton. The 7° mass resolution is shown in Fig. 12.

All CLAS software needed for the event identification and reconstruction

already exists. No modifications are required.
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7 Simulations and Count Rates

In order to estimate the count rates and projected physics results for the
proposed experiment we utilize a complete GEANT simulation of CLAS,
called GSIM. GSIM includes detailed descriptions of all detectors (CC, DC,
EC, LAC, SC and IC) as well as the target, magnets, the beam line and
all relevant materials. Detector responses are simulated down to the level of
ADC and TDC data, based on the most recent calibration constants from
actual experiments, mostly E1-DVCS which is currently being analyzed by
the collaboration. Physical effects such as multiple scattering, energy loss,
secondary reactions etc. were all simulated, too.

10°F
1034

1024

10 £

0 01 02 03 04 05 06 o7 08 09 1
-A? 1GeVA

Figure 13: Expected distributions of events as function of A? (top left) for
A? = 0.0...1.0 [GeV?]. The plot shows the simulated distribution without
CLAS (solid, green) and with detected deuteron (dashed, red).

We first determine the kinematical range needed for our simulation. Fig. 13
shows the A? distribution from the event generator and the smaller fraction
of events where the deuteron has been detected by CLAS. No deuterons
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are detected for A? < 0.13 GeV?. This is due to the minimum momentum
needed for the deuteron to reach the time-of-flight (SC) detector. Therefore
for all subsequent calculations we require A? > 0.13 GeV?. We also require
Q% > 1.0 GeV?. The acceptance shown in Fig. 13 does not change much
with A% above A% > 0.13 GeV?. It does however change with the scattering
angle ©, of the deuteron as expected. Most deuterons are scattered at a
large angle ©4, where the acceptance is high.

104} _
103} 5
102} L
0F | s B i
0 05 0 25 5 0 05
-A21GeV3c O? 1GeV?/c?l X

Figure 14: CLAS acceptance as a function of A? (left), Q? (center) and zp
(right) for A? = 0.13...1.0 [GeV?], Q* = 1.0...7.0 [GeV?], and x5 > 0.15.
FEach plot shows the simulated distribution without CLAS (solid, black),
with detected electron (dotted, green), plus detected photon (dash-dotted,
red) and also with the detected deuteron (dashed, blue).

In a subsequent iteration the CLAS acceptance as function of A%, Q?, zp
and W has been determined. The result is shown in Fig. 14. All particles and
detectors are now included. The following kinematical cuts were applied so
that only events in the interesting range of this experiment were simulated:

o A2=0.13...1.0 GeV?,
e ?=1.0...7.0 GeV?, and

o v > 0.15.
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Based on the simulation we estimate the number of Bethe-Heitler plus
DVCS events per hour. The numbers are summarized in Tab. 1. For El-
DVCS the achieved luminosity was £ = 2.0x10%* [—1=]. Additional material
from the target cell and windows did reduce the effective luminosity to about

Leps = 1.6 x10* [—]. For this proposal on the deuteron target we assume
a luminosity of Lcrr = 1.5 x 10** [==]. We assume a beam polarization
P. = 0.8, which was achieved during the E1-DVCS experiment. We then
calculate projected errors of the beam spin asymmetry measurement. For
the errors shown in Fig. 5 a total of 720 beam hours are required. These
error bars are calculated in the kinematical range used for the theoretical
calculations. Of course, additional measurements at different combinations
of %, rp and A? will come from the experiment, too. This measurement
allows us to distinguish model B’, which includes Hs contribution, from the
other models.
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8 Summary

We propose to measure the beam-spin asymmetry in coherent Deeply Virtual
Compton Scattering on the deuteron. This measurement will provide:

o First access to the GPDs of a spin-1 object in a linear combination of
the H,, Hs, and Hs functions in the xp;, ¢ and )? phase space;

o First direct sensitivity to the Hs GPD that is related to the quadrupole
form factor of the deuteron.

e First access to the partonic structure, in coordinate and momentum
space, of the deuteron as a coherent object.

These measurements combine the physics sensitivity of Deep Inelastic and
Elastic Scattering on the composite nuclear system.

In addition to the coherent D(e, e’ Dvy) channel, we will also measure
incoherent eD — ¢’ypn reaction as by-product of this proposal. As a function
of momentum transfer to the proton or neutron, the incoherent process is
primarily sensitive to either the proton or neutron GPDs. In the case of the
proton, the comparison with Hydrogen data is a test of EMC effects on GPDs
in the deuteron. Count rates for D(e, e’yp)n events will be much larger than
the projections presented here for coherent DVCS, due to the large relative
magnitude of the cross sections.

Our beam request is for 30 days of 6 GeV beam with a minimum polar-
ization of 80%. We will use the standard CLAS configuration with a liquid
Deuterium target (Luminosity 1.5 x 10°/cm?/s) supplemented with the tar-
get solenoid and the PbWOy Inner Calorimeter.
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